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Introduction

Gamma-based TiAl intermetallic alloys have received considerable attention recently as candidate
materials for high-temperature aerospace applications (1-4). Two classes of microstructure have been
prominent in the two-phase (¥ + &) alloys: a lamellar structure consisting of lamellar colonies con-
taining alternating y and o, platelets, and a duplex structure consisting of equiaxed grains of y with
small amounts of a,grains (1). In general, duplex structures display better elongation and strength,
whereas lamellar structures show better toughness and fatigue crack-growth resistance (2,5-8). How-
ever, a problem with both microstructures, as with most intermetallics, is that fatigue-crack growth
rates, da/dN, show a very strong dependence upon the applied stress-intensity range, AK, i.e., da/dN o<
AK™, where m is greater than ~10 (11,12). With such high exponents, predicted component lives based
on damage-tolerant analyses are often unacceptably sensitive to applied stress levels, necessitating that
the applied AK levels remain below a fatigue threshold, AKm. In the presence of “small cracks”, how-
ever, this approach may be non-conservative.

Small cracks (typically < ~500 pm in length) are known to grow at applied AK below the “long
crack” threshold, and to exhibit growth rates in excess of those corresponding to long cracks (typically
larger than 2-3 mm) at the same applied AK levels (11-14). Such effects are apparent when crack sizes
become comparable to i) the characteristic microstructural dimensions (a continuum limitation), ii) the
extent of local inelasticity (i.e., the plastic-zone size) ahead of the crack tip (a linear-elastic fracture
mechanics limitation), or iii) the extent of the zone of crack-tip shielding behind the crack tip (a si-
militude limitation). Accordingly, the objective of the present study is to examine the small-crack
effect in a commercial y-based TiAl alloy by comparing the growth-rate behavior of long (through-
thickness) cracks with that of small surface cracks for both duplex and fully lamellar microstructures.

Materials and Experimental Procedures

The TiAl alloy studied, of nominal composition (at.%) Ti-47A1-2Nb-2Cr-0.2B, contained B additions
which resulted in ~0.5 vol.% of needle-like TiB; particles (~2-10 um in length and ~1 pm in diameter).
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Figure 1. Optical micrographs of the (a) lamellar and (b) duplex microstructures in Ti-47A1-2Nb-2Cr-0.2B (at.%). Etchant:
aqueous 2% HF/ 5% H3PO;.

The lamellar microstructure was obtained by a two-step forging process, followed by heat treating in
flowing argon gas at 1370°C for 1 hr, air cooling and then holding 6 hr at 900°C prior to argon gas
furnace cooling. The resulting microstructure featured ~145 pum-sized lamellar colonies with very
small amounts (~4%) of fine equiaxed y grains (5-20 um) between lamellar colonies; the o, layer
(center-to-center) spacing was ~1.3 um (Fig. 1a). The duplex microstructure was achieved through a
furnace cool after heat treating the forged alloy at 1320°C for 3 hr in argon. The structure consisted of
nearly equiaxed grains of the y-phase, ~17 um in diameter (Fig. 1b), with ~10 vol.% o present in the
form of thin layers (~1-3 pm thick) at grain boundaries or as larger “blocky” regions (~3-23 pm in
diameter) at triple points. A small proportion of fine lamellar colonies was also present.

Long (>5 mm) crack growth rates were measured on through-thickness cracks using 4-mm thick
compact-tension, C(T), specimens. Tests were conducted in 25°C air at 25 Hz (sine wave) in accor-
dance with ASTM Standard E647; a load ratio, R, of 0.1 (= Knin/Kmnax) Was maintained. Fatigue thresh-
olds, AKm, operationally defined as the applied AK below which da/dN <10™'° m/cycle, were
approached using a variable-AK/constant-R load-shedding scheme. Crack lengths were monitored
using electrical-potential measurements (on NiCr foil gauges bonded to the side face of the specimen)
and using back-face strain compliance.

Elastic compliance data were also utilized to measure the extent of crack-tip shielding from crack
closure and crack bridging. Crack closure was evaluated in terms of the closure stress intensity, Ka,
which was approximately defined at the load corresponding to first deviation from linearity on the
unloading compliance curve (15,16). Crack bridging was assessed through a comparison of the ex-
perimentally measured unloading compliance (at loads above those associated with closure) with the
theoretical value for a traction-free crack (17). With this technique, a bridging stress intensity, K,
representing the reduction in Kn.« due to the bridging tractions developed in the crack wake, was esti-
mated.

Small (¢ < 300 um) crack growth rates were investigated using unnotched rectangular beams (of
width 10 mm, thickness 6 mm, and span 50 mm), loaded in four-point bending. Small surface cracks
associated with electro-discharge machining (EDM) pit damage were cyclically loaded to grow the
cracks away from the EDM heat-affected zone (HAZ) prior to data acquisition (HAZ was identified
optically using an aqueous 2% HF, 5% H;PO, etchant on a polished surface). In some instances, sam-
ple surfaces were ground and polished following pitting to completely eliminate the HAZ, leaving only
small cracks on the surface. Using this procedure, initial surface flaws with half lengths less than
¢ ~125 pm were achieved.

Bend samples were cycled at R = 0.1 between 5 and 25 Hz (sine wave), with crack lengths moni-
tored by periodic surface replication using cellulose acetate tape. Replicas were Au or Pt coated to
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Figure 2. Fatigue crack-growth rates for through-thickness long cracks (a > 5 mm) and small surface cracks (¢ ~ 35-275 um) in
the lamellar and duplex microstructures of Ti-47A1-2Nb-2Cr-0.2B. Small-crack data points represent average growth rates over a
specific increment of crack extension (between two surface replications).

improve resolution prior to optical measurement of crack lengths. Average growth rates were com-
puted from the amount of crack extension between two discrete measurements. Stress intensities were
determined using linear-elastic solutions for surface cracks in bending (18), assuming a semi-circular
crack profile (crack depth to half surface crack length ratio, a/c = 1). This assumption was verified by
heat tinting select samples at 600°C for 4 hr prior to fracture to measure the crack shape; measure-
ments revealed an average a/c ratio of 1.04 which corresponds to a semi-circular crack.

Results and Discussion

Figure 2 shows the fatigue-crack growth rates of through-thickness long cracks in the lamellar and
duplex microstructures. Growth rates are clearly a strong function of AK, with Paris power-law expo-
nents, m, in the mid-growth-rate regime ranging from 9 in the lamellar to 22 in the duplex structure.
Crack-growth resistance is considerably greater in the lamellar structure; indeed growth rates (at a
specific AK) are up to five orders of magnitude lower and threshold AKu values ~13s times larger than
in the duplex material, resulting from a significant role of crack-tip shielding (4,8,19). Under mono-
tonic loading, inter- and intra-lamellar microcracking ahead of the crack tip results in the development
of uncracked (“shear”) ligament bridges in the crack wake (20,21). Crack bridging by these ligaments
is the principal mechanism of toughening in the lamellar microstructure (20), with a bridging stress
intensity Kir on the order of 12 MPavm (19). No such bridging is seen in the duplex material. Under
cyclic loading in the lamellar structure, the bridging is diminished in part due to fatigue failure of the
ligaments; nevertheless, it still has a prominent effect (19), i.e., Ki values in fatigue have been meas-
ured as high as 2 MPaVm (14% of Kmax) at AK ~ 13 MPavm. In addition, the resulting meandering
crack paths promote (roughness-induced) crack closure from the wedging of asperities (19). Although
the interpretation of closure measurements can be somewhat uncertain in the presence of bridging,
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measured Ky values at R = 0.1 ranged from ~4-7 MPavm in the lamellar structure to ~1.6-2.2 MPaVm
in the duplex structure.

Corresponding results for the growth of cracks with half surface lengths between ~35-275 pum are
plotted in Fig. 2. Clearly, small-crack growth rates have characteristically far greater scatter than long-
crack data, associated with a biased sampling of the microstructure by flaws which are comparable in
size with microstructural dimensions (22). Moreover, in marked contrast to long-crack behavior, the
scatter bands for the lamellar and duplex microstructures essentially overlap, although crack growth in
the lamellar structure occurs at slightly lower AK levels. The most significant results, however, are
that, at equivalent applied AKX levels, small-crack growth rates exceed those of corresponding long
cracks by up to 3 orders of magnitude, and crack growth is observed in both structures at applied AK
levels well below the long-crack threshold, AK. Specifically, small-crack growth is evident at applied
AK levels as low as 3.5 and 4.7 MPaVm in the lamellar and duplex structures, respectively; corre-
sponding long-crack thresholds are, respectively, 8.6 and 6.0 MPavm. Differences between long- and
small-crack behavior, however, are much reduced in the duplex microstructure.

Given the salient role of shielding in the crack-growth resistance of y-based TiAl alloys, in par-
ticular for the lamellar microstructure, it is likely that small flaws in these alloys will be susceptible to
a similitude limitation. In other words, by virtue of their limited wake, they do not develop equilibrium
zones of crack-tip shielding akin to long cracks. Such shielding, which arises primarily from uncracked
ligament bridging and roughness-induced crack closure, is much less prominent in the duplex struc-
ture, consistent with the minimal difference in small- and long-crack data in this microstructure. In-
deed, since the superior long fatigue crack-growth properties of lamellar microstructures have been
principally attributed to shielding mechanisms (19), the similar fatigue crack-growth properties of the
duplex and lamellar structures for small-crack sizes would appear to result from a reduced shielding
contribution at these crack sizes. The limited role of such shielding during small-crack growth and the
observed similarity of the duplex and lamellar small-crack data thus implies that there is little differ-
ence in intrinsic fatigue crack-growth resistance of the two microstructures.

To verify this similitude limitation quantitatively, the shielding contributions from both uncracked
ligament bridging and crack closure were experimentally measured and “subtracted” from the long
crack results on the assumption that the effective (local) driving force at the crack tip, AK, can be
described (for K > Kmin) by:

AKeff = (Kmax = Kbr) = Kcl- (1)

Here K is the bridging stress intensity associated with bridging tractions developed across the
crack flank, and K|, is the closure stress intensity, arising primarily from the wedging of fracture-
surface asperities inside the crack. Specific measurements of Ky and K« are documented in ref. 19;
results in terms of their effect on the normalization of long- and small-crack data are shown respec-
tively in Figs. 3a and b for the lamellar and duplex microstructures.

As illustrated in Fig. 3, replotting the long-crack data in terms of AK.s after correcting for bridging
and closure results in a far closer correspondence between the long and small crack behavior, although
the normalization is less effective for the lamellar microstructure where small-crack growth is evident
at stress intensities below the AKm . threshold. This is, however, to be expected because crack sizes
are comparable to the scale of the coarser lamellar microstructure (continuum limitation). For crack
sizes smaller than the grain size, the crack front of the elliptical flaw at most sampled only a few
lamellar colonies. Prior studies of the effect of lamellar orientation on fatigue crack-growth rates have
indicated that growth rates are faster when cracking is coplanar with the lamellar (y/o.) interface,
particularly at low AK levels (23-26). It is thus unlikely that a continuum parameter such as the long-
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Figure 3. Comparison of long-crack, small-crack, and shielding corrected long-crack fatigue data in the (a) lamellar and (b)
duplex microstructures. Growth rates, da/dN, for the shielding corrected data are plotted as a function of AK.r after allowing for
the effect of both crack bridging and closure (see text). Error bars on the small crack data represent the range of AKX over the
increment of measured crack growth.

crack threshold, which is determined for a large crack which samples many lamellar colonies, would
reflect the worst-case growth-rate behavior of a small crack confined to only one or two colonies.

In terms of the potential use of ¥-TiAl alloys in fatigue-critical situations, the present data suggest a
somewhat surprising result that the duplex mictrostructure may offer the better properties and be more
amenable to reliable application in damage-tolerant design. Indeed, although the scatter bands for the
two alloys largely overlap, the lamellar structure exhibits small-crack growth at lower AKX levels.
Moreover, as design may have to be based on a fatigue threshold due to the steep exponents in the
(long) crack-growth law, the ability to define a lower-bound threshold value will be critical. The defi-
nition of such limits appears feasible for duplex microstructures in terms of (a shielding-corrected)
AKuorthreshold, at least for crack sizes larger than characteristic microstructural dimensions (~20
um). In contrast, it is more difficult to define a similar threshold for the lamellar structures as charac-
teristic microstructural dimensions are up to an order of magnitude larger. Accordingly, the growth
rates of small fatigue cracks up to ¢ ~ 300 um in length show considerable scatter due to statistical
sampling of the microstructure, and continue to propagate at stress intensities below the AKruer
threshold.

Conclusions

Based on an experimental study of the fatigue-crack growth behavior of long (>5 mm) through-
thickness and small (¢ < 300 um) surface cracks in duplex and lamellar microstructures in a Ti-47Al-
2Nb-2Cr-0.2B (at.%) alloy at 25°C, the following conclusions can be made:

1. Small-crack growth rates in both microstructures are faster than those of corresponding long
cracks at the same applied AK levels; moreover, small cracks are found to propagate at applied AK
levels below the long-crack threshold AKr.

2. This effect is primarily attributed to the role of crack-tip shielding, principally from uncracked
ligament bridging and crack closure, in impeding long-crack growth rates (similitude limitation),
as closer correspondence between long- and small-crack data is achieved after “correcting” for
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such shielding. Small-crack growth, however, is still evident below this lower-bound threshold in
lamellar structures even after such normalization, due to statistical sampling of the coarser micro-
structure (continuum limitation).

A comparison of long-crack data suggest that the fatigue crack-growth resistance of the lamellar
structure is significantly greater than that of the duplex structure, with growth rates being up to
five orders of magnitude lower at equivalent AK levels. A comparison of small-crack data, con-
versely, indicates marginally superior fatigue crack-growth resistance in the duplex structure
(although the scatter bands for the two structures overlap).

Duplex microstructures appear to offer better properties from the perspective of their potential use
in fatigue-critical applications. In addition to their higher strength and ductility, the definition of a
shielding-corrected (lower-bound) AKXty e threshold, below which both small- and long-cracks are
dormant, appears feasible. Such an approach is less certain for the coarser lamellar microstructures
where small cracks of grain-size dimensions continue to propagate below this lower-bound
threshold (a continuum limitation).
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